Fertilization in the brown marine algae known as fucoids, is oogamous. The naked egg cell (80 (im diam.) is fertilized by small biflagellate spermatozoids and both monoecious and dioecious species are found. Fertilization is highly species-specific and this appears to be controlled during plasmogamy. Following fusion of egg and sperm, a rapid ( < 1 min) release of polyuronide cell wall material takes place from cytoplasmic vesicles within the egg. This is easily visualized using the fluorescent brightener Calcofluor, which therefore provides the basis of a quantitative fertilization bioassay. It has not proved possible to measure direct sperm binding to eggs.
INTRODUCTION
In this paper some of the studies that have been carried out over the past few years, on the gametes of the marine brown alga Fucus serratus and, in particular, the cell biology of their interaction during fertilization, will be briefly reviewed. More exten sive details have been published by Evans, Callow & Callow (1982) and Callow, Callow & Evans (1984) .
Fertilization in Fucus is oogamous, that is to say there are large (80/¿m diameter) non-mobile egg cells fertilized by biflagellate spermatozoids. The eggs are entirely naked in the sense that there is no discrete wall surrounding the egg and, although they are released in slime polysaccharide, this is easily washed away. The principal species involved in this work, F. serratus, is dioecious, permitting the isolation of male and female gametes, each uncontaminated by the other. The system confers certain advantages for those wishing to study the intimate events involved in cell recognition between plant cells, since the direct interaction between the two gametes can be easily observed without intervening tissues, cell walls etc. Furthermore, the interaction shows a high degree of biological specificity since, despite reports on the natural occurrence of hybrids between different fucoid species (discussed by Evans et al. 1982) , it has been shown experimentally (Fig. 1 ) that a very high degree of species specificity exists. This specificity lies in the process of plasmogamy. Although the rapid approach of sperm to egg is mediated by chemotaxis (hydrocarbon octatrienes have been isolated), these are not species specific (Müller & Seferiadis, 1977) . (After Bolwell, Callow, Callow & Evans (1977) .)
The system does also have some disadvantages, however.
(a) Not all gametes are freely available at all times of the year, especially for the more 'seasonal' Fucus vesiculosus and Ascophyllum nodosum.
(b) Being wild material there are problems of variability and an unknown situation with respect to clonal populations on the seashore.
(c) We suspect that there may be some seasonal variability in the degree to which gametes are sexually competent.
(d) The eggs are loaded with vesicles containing polyphenols and alginate polysaccharides that provide problems in biochemical work on isolated components.
QUANTITATIVE ASPECTS OF EGG-SPERM RECOGNITION
One of the more obvious facets of fertilization that would potentially form a central feature is any recognition study is the actual binding of sperm to egg. Now in many ways the fucoid system is analogous to the oogamous fertilization shown by many lower animals such as sea urchins, sea squirts and some crustaceans. In these animal systems it has proved possible to quantify sperm binding per se (e.g. see Vaquier & Payne, 1973) and many authors have presented electron micrographs showing very large numbers of sperm bound to eggs (e.g. see Brown, 1976, for Limulus) .
Although binding of Fucus sperm to eggs can be observed by scanning electron microscopy (SEM; Callow, Evans, Bolwell & Callow, 1978; and Fig. 2) . All our studies to date have failed to show more than the binding of a few sperm to each egg, certainly not enough to provide a satisfactory bioassay, either by direct counting or by using radiolabelled sperm (Callow et al. 1984 ). Our conclusion is that the initial binding or attachment of sperm results in a rapid change in either surface electrical potential or receptor distribution, to prevent the binding of further sperm. This would presumably reduce the potential for polyspermy.
Since egg/sperm binding per se cannot be measured, an alternative facet of fer tilization has to be used. The studies reported here are all based on the cytological events that rapidly follow fusion or plasmogamy. Plasmogamy is followed by the rapid release of the polyuronide alginic acid from large numbers of sub-plasmalemmal vesicles. This takes place first at the point of sperm entry but very quickly a number of loci of alginate release are evident (Evans et al. 1982) . The secretion of alginic acjid is revealed by the use of the fluorescent brightener Calcofluor White ST (Callow et al. 1978) . Within 5-10 min of fertilization the zygote is completely invested by alginate and under the ultraviolet microscope, fertilized eggs are readily distinguished from unfertilized eggs (Fig. 3) . The use of Calcofluor provides us with a clear-cut method for detecting fertilization and can therefore be used as the basis of a bioassay for testing the efficacy of blocking agents, anti-receptors etc. There is also ready distinction between fertilized and unfertilized eggs in the SEM (Fig. 4) .
Looking at the kinetics of fertilization, in a standard assay containing 5000 eggs, and saturating levels of sperm, fertilization in the egg population can be detected by 2 min and is complete by 30 min (Fig. 5 ). An almost identical curve is obtained, displaced slightly to the right, if nuclear fusion is measured; that is, there is a gap of a few (1978).) minutes between plasmogamy and karyogamy (Fig. 6; Callow et al. 1978) . If the concentration of sperm in the assay is varied, a linear relationship with sperm con centration is obtained, saturation being achieved at 300 sperm/egg (Fig. 5 ).
Why is it so important to know the kinetics of fertilization? The point is that if the quantitative effects on fertilization of agents that may act as blockers of fertilization are to be tested in a competitive way, then this must be assessed in a bioassay based on known kinetic parameters and our particular emphasis in such experiments has been to measure the effect of a compound on the initial rate of fertilization.
EXPERIMENTS TO CHARACTERIZE GAMETIC SURFACES AND FERTILIZATION RECEPTORS
Most current models for cell recognition involve the association of specific ligands (cognons; Burke, Mendonca-Previato & Ballou, 1980) on the surface of one cell, with complementary receptors (cognors) on the opposite cell. In many cases it has been shown that the cognors are specific carbohydrate-binding lectins or lectin-like proteins, with the ability to bind saccharide-containing cognons that form part of surface glycoproteins or polysaccharides (Callow 1977; Clarke & Knox 1978) . The studies reported here are broadly consistent with such a model for Fucus egg-sperm recognition and have been obtained through the use of lectins and putative receptor fractions.
Use o f lectins and carbohydrases
T he effect of carbohydrate-specific lectins and various glycosidases were examined to see whether recognition could be disturbed either by blocking or degrading recep tors as detected by the standard assay. Fertilization is very sensitive to proteolytic digestion, either of eggs or sperm, and certain glycosidases at quite low concentration are also effective (Bolwell, Callow, Callow & Evans, 1979) . Of a large range of glycosidases tested, two in particular were effective at low concentration when eggs were pretreated before adding sperm, namely a-exofucosidase and a-exomannosidase. Other enzymes also caused some inhibition but only at 10-fold higher levels and, bearing in mind the fact that glycan hydrolases often contain extraneous activities, it was suggested that the inhibition by lower levels of enzyme should be regarded as more significant. So, it would appear that mannosyl and fucosyl residues are of particular importance and this is supported by examination of certain lectins on fertilization and their binding to gamete surfaces.
Fluorescein isothiocyanate (FITC)-labelled concanavalin A (ConA) bound strong ly to egg surfaces (Catt et al. 1983; and Fig. 7) . The binding was patchy but does not represent ConA-induced 'patching' and 'capping' as in the case of animal cells, since pre-fixed eggs showed the same pattern. Controls carried out in the presence of the sugar hapten a-methylmannoside showed that binding was lectin-specific although once bound it was difficult to compete off the lectin with the hapten.
F IT C -C on A did not bind to sperm. Results similar to those found with ConA were obtained with FITC -ricini2o, specific for a-galactosyl residues, which is interesting since a-galactosidase did not have any substantial effect on fertilization at low con centration. Like ConA, R C A 120 did not bind to sperm. On the other hand F IT Clabelled fucose binding protein (FBP) bound strongly to sperm but rather weakly to eggs.
Attempts to quantify these results using 125I-labelled lectins produced a number of anomalies (Catt et al. 1983; and Fig. 8) . Certainly 125I-labelled lectins bound to both egg and sperm at approximately equal levels, but the binding could not be saturated in the presence of the hapten sugars. The binding observed was therefore probably non-specific, and unrelated to the recognition of specific sugar moieties. Indeed, denatured lectin bound to eggs just as well as native lectin, and high levels of binding were observed for 125I-labelled bovine serum albumin (BSA) (Fig. 8) . Thus it appears that there are conflicting biochemical and cytochemical data. One way to reconcile the differences is to suggest that gamete surfaces bear both sugar-non-specific and sugarspecific lectin-binding sites. If there is a great excess of the former in absolute
RCA 120 (fig cm 3) BSA (/¿gem , ) numbers, but located at a lower density, then the sensitivity of fluorescence detection would perhaps be insufficient to reveal these non-specific sites. If, however, the specific lectin-binding sites are aggregated as shown for FITC-ConA, then the closer proximity of fluorochrome groups could be sufficient to elevate the intensity of fluorescence above the detection threshold. Clearly then, the use of lectins as surface probes is a complex affair. Bearing this in mind, the obvious question is what effect these lectins have on fertilization? Now in our earlier studies (Bolwell et al. 1979) it was reported that very low concentrations of ConA and FBP caused hapten-reversible inhibition of fertilization and that there was some evidence that this was due to specific effects on the egg surface rather than the sperm. At the time it was speculated that the biologically significant effects of lectins on fertilization were those obtained at low concentration and that one interpretation of the data was that the lectins FBP and ConA were binding to fucosyl and mannosyl residues that formed part of glycoprotein receptors on the egg surface, thus blocking sperm binding. This indeed is consistent with the evidence of the enzyme treatments. The effects of higher concentrations of lectin were thought to be less meaningful and could have been partly due to rather less subtle effects on the gametes, through cytotoxicity etc. The more recent work (Catt et al. 1983 ) suggests a slightly different interpretation, although the broad conclusion reached from our earlier studies is still substantially correct.
One of the reasons for exercising caution in interpreting effects of lectin is shown in Fig. 9 where the effects of three inhibitory lectins, ConA, RCA120 and FBP, were exhaustively tested over a whole season, with different populations of plants etc.
The scatter diagrams reveal very substantial variability in the effectiveness of the lectins from experiment to experiment during the course of the year. In particular, for FBP, low concentrations cause inhibition between 5% and 50%. It has proved very difficult to identify the source of this variability and the possibility cannot be excluded that there is local or seasonal variation in sensitivity to lectin, which may also be related to seasonal variations in the degree to which gametes are sexually com petent. The effects of these three lectins are summarized in Table 1. FBP is the most effective, and most of the inhibition obtained at even 100 [ig ml-1 lectin, is hapten-reversible. In attempts to ascertain the polarity of lectin effects, preincubation experiments fail to show any distinct polarity for FBP, but there is some suggestion that ConA and RCA120 exert their effects primarily on eggs.
So, taking the bulk of evidence and being cautious, the evidence broadly suggests that fertilization is based on glycoproteins, that certain saccharide residues are impor tant in fertilization and are distributed in a polar manner, whilst others are present on both eggs and sperm surfaces. But, lectins are a relatively blunt tool: (1) because it cannot be said that it is the receptor per se to which lectins are binding; and (2) because of their mutivalent nature they may induce change in membrane properties by cross-linking etc. that have the effect of inhibiting fertilization. There is also the rather large degree of variation in lectin effects. Finally, there is no species specificity in the effect of these lectins on fertilization (Catt et al. 1983) . This set of values is derived from one set of gametes to make them comparable. Absolute values varied on replication, but the pattern of inhibition was constant. Preincubated eggs were washed twice with sea water and preincubated sperm were diluted 10-fold before use. Controls were run for each treatment to ensure the same level of fertilization throughout. Values for % inhibition by lectins pretreated with hapten sugars are shown in parenthesis. A. nodosum 
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Use of lectin affinity columns to isolate the egg receptor
Plasma membrane-rich (not pure) fractions of F. serratus eggs, bind sperm and inhibit fertilization in a species-specific manner (Bolwell, Callow & Evans, 1980) . The preparation of pure plasma membranes from these, or any other fractions, has proved to be impossible, the principal problem being that following even gentle lysis of eggs there is substantial release of polyuronides, which interfere with purification and separation techniques. However, from sodium dodecyl sulphate (SDS)-solubilized Mr(x 10-3) with Coomassie Blue. The latter was run to show that the fractions in the inhibitory preparation from eggs, prepared by affinity chromatography on agarose-ConA, were not identical to ConA subunits that might have been released by 'column bleed', e . Range of apparent molecular weights using BDH markers. crude membrane complexes followed by affinity chromatography on ConASepharose, it was possible to isolate small amounts of a bound fraction with certain of the properties of a receptor in that the fraction caused species-specific inhibition of fertilization at low concentration and was sensitive to the same enzymes as whole eggs (Bolwell et al. 1980) . However, this was far from being a single component. Analyti cal S D S /P A G E (polyacrylamide gel electrophoresis) produced a number of Coomassie Blue and Periodic acid-Schiff(PAS)-positive components (Fig. 10) . The small amounts isolated in this way have not permitted characterization of this fraction to any further degree.
Use o f immunological methods
An alternative approach used to isolate sperm receptors, based on imunological techniques, appears to be more promising. Antisera were raised to antigens stripped from the surface of isolated flagella of F. serratus, with 2m-KC1 (Vithanage et al. 1983 ). The salt removed flagellar membranes and mastigonomes. The immuno globulin G (IgG) fraction of this antiserum,and the Fab fragments prepared from it, inhibited fertilization in F. serratus, but was less effective with F. vesiculosus, and totally ineffective against A. nodosum (Table 2) . Further, FITC-labelled IgG only bound to sperm of F. serratus. The sperm antigens appeared to be located on both flagella and sperm bodies, suggesting either that the flagella preparation from which the antigens were derived may have been contaminated by sperm bodies, or that there may be common antigenic determinants on flagella and sperm bodies. The FITC-IgG did not bind to unfertilized eggs. These results suggest that the anti-sperm immuno globulins may either bind directly to sperm surface receptors, thus blocking recog nition by complementary egg surface receptors, or alternatively that binding is to sperm surface antigens adjacent to the actual receptors, the blocking then resulting from some form of steric hindrance. The fact that the smaller Fab fragments are also inhibitory might tend to favour the former, direct receptor binding theory, but without further investigations a clear explanation is impossible. It is not yet clear how many sperm antigens are released from the flagella by the salt extract; polyacrylamide gels show a number of components. This is an area where monoclonal antibodies can be of enormous value and future experiments will seek to raise a library of monoclonal antibodies to sperm surface antigens in an attempt to pinpoint those antigens relevant to egg-sperm recognition. C a t t , J. W., V it h a n a g e , H. I. M. V ., Ca l l o w , J . A., C a l l o w , M. E . & Ev a n s , L . V . (1983) .
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